Environmental management is inevitably complicated by the large variation in susceptibility to chemical toxicity exhibited by the living components of ecosystems, a significant proportion of which is determined by genetic factors. This paper examines the concept of genetic susceptibility in ecosystems and suggests the existence of two distinct forms reflecting genetic changes at the level of the individual and at the level of population and community. The influence of genetic susceptibility on exposure-response curves is discussed and the consequent accuracy of data used for toxicity test-based risk assessments examined. The paper concludes by describing a possible biomarker-based approach to future studies of susceptibility in ecosystems, suggesting the use of modern molecular genetic methods. Environ Health Perspect 1 05(Suppl 4):849-854 (1997) 
Introduction
Environmental management is undoubtedly a difficult occupation. The ability for researchers to accurately predict the consequences of exposures of natural ecosystems to particular levels of chemical contaminants is considered by many to be impossible. The traditional approach involves assessing the potential toxicity of chemicals in the laboratory under controlled conditions and then, with the judicious use of safety factors, ensuring that the concentrations of these chemicals in the environment do not exceed safe or acceptable levels.
A major criticism of this approach has been that it seldom considers the variability in susceptibility to chemical toxicity [17] [18] [19] [20] [21] [22] March 1996 in Espoo, Finland. Manuscript received at EHP 5 November 1996; accepted 18 November 1996. exhibited by the large number of animal and plant species found in the natural environment. Differences in susceptibility often can be attributed to abiotic factors that depend on the geography of the ecosystem in question, and the physicochemical form of the contaminating substance (1) . However, a significant proportion of the variability in the response of living organisms, whether it be among individuals, populations or whole communities, can be attributed to their underlying genetic makeup.
Other contributors to SGOMSEC 12 have highlighted the biochemical and pathological effects of genetic susceptibility in human populations exposed to environmental hazards, and a range of both genotypic and phenotypic biomarkers for the assessment of this phenomenon has been proposed. Although several of these methods could be readily applied to similar studies of animal and plant populations, it is unlikely that such methods could form the sole basis of this type of research in the natural environment.
Research into both the nature and significance of genetic susceptibility in whole ecosystems is in its infancy and, unlike comparative studies in humans, mammals and other higher vertebrates, there are currently no tried and tested methods available for use with invertebrates and plants. However, ecotoxicologists are realizing that a better understanding of the genetic aspects of population, community and whole ecosystem responses to toxic chemical exposure is vital to future environmental management programs. This paper addresses this important issue by investigating the nature of genetic susceptibility in ecosystems and its relevance to contemporary ecotoxicological research. We also discuss the use of appropriate biomarkers for studies of susceptibility in the natural environment.
Defining Genetic Susceptibility in Ecosystems
Genetic susceptibility in ecosystems is subtly different from that observed in human environmental and occupational medicine because of the huge species diversity and the large number of complex biological interactions involved. In our opinion a more appropriate approach would be to consider the study of susceptibility as a component part of contemporary ecotoxicology, where research is aimed at acquiring a better understanding of pollutant-induced biochemical and physiological events and where the relationships between these events and the consequences for individual phenotypes, populations, and communities are of paramount importance (2) .
In ecotoxicological terms, genetic susceptibility in ecosystems may be considered to exist in one of two forms: the result ofevents contributing to a reduction the natural variation found in any gene pool or the result of the effects of genetic damage ( Pollutant-induced selection of resistant genotypes has been demonstrated for fish (12) , polychaetes (13) (14) (15) (16) , insects (7, 17) , and a range of plants (8, 18) . Although the long-term ecological impact of such selection is not known with certainty, there are a number of possible implications of ecotoxicological significance.
For example, the selective pressure of toxic chemical exposure may ultimately result in major reductions in genetic diversity at pollution-impacted sites. These reductions in turn could lead to known genetic phenomena such as in-breeding depression and may also result in the loss of evolutionary adaptability to novel environmental stresses due to the reduced genetic variation in a small population (4) .
The process involved is straightforward. If a previously large population is reduced to a small size through toxic effects, individuals may be forced to mate with close relatives and often experience reduced fecundity and viability of offspring. This phenomenon is known as in-breeding depression (4) and has been found in a number of animal populations. The mechanisms involved are unknown for most species, but probably reflect homozygous deleterious recessive mutations at a number of gene loci. Notable studies of in-breeding depression in natural animal populations have been carried out on the African cheetah (Acinonyx jubatus), Florida panther (Felis concolor coryi), and various species ofwhale (19) .
The loss of genetic variation observed with decreasing population size is due to increases of genetic drift. In the absence of forces maintaining genetic variation, such as mutation, migration, and selection favoring heterozygotes, there can be a significant drop in the level of heterozygosity (37% of its original value in 2n generations, where n = effective population size) (4) . A population may lose its heterozygosity at a much faster rate if mating occurs nonrandomly among close relatives.
In an ecotoxicological context, if the genetic variation of a population is measured by the level of heterozygosity, and if in turn, the heterozygosity of a population is associated with improved survivorship when faced with environmental stress, then any reductions in heterozygosity in populations exposed to toxic chemicals or other anthropogenic stressors may herald ecosystem disturbance.
A number of studies have tested this hypothesis. Hawkins et al. (20) claimed that a positive relationship exists between the growth rates of the blue mussel (Mytilus edulis) and heterozygosity measured at polymorphic enzyme loci, whereas work by Nevo et al. (21) indicated that, in the case of marine gastropods, broad-niche, genetically rich (highly heterozygous) species display significantly higher survivorship after exposure to multiple inorganic and organic pollutants than their narrow-niche, genetically poor, congeneric counterparts. In contrast, field studies in which the gene frequencies of mosquitofish (Gambusia holbrooki) populations at dean and heavy metal polluted sites were examined revealed that heterozygosity (determined on the basis of three allozyme loci) was markedly reduced in fish inhabiting the polluted areas (12 Figure 1 .
It can be seen that if the susceptibility of a natural population is represented by a curve constructed using the data points 1 to 3, then the resultant LC50 value is lower than that predicted using the laboratory test population. Conversely, if the level of susceptibility of the natural population is represented by a curve constructed using the data points 4 to 6, the resultant LC50 value is lower than that predicted by the laboratory test organisms.
It is also a matter of some concern that toxicity test data, collected using doseresponse experiments on individuals, is used to predict consequences at the level of populations and communities (22) (24) . Using a range of suitably characterized biological measures or indicators of toxic exposure, it is possible to study a great number of the different consequences of environmental contamination (25) (26) (27) (29) .
To be of greatest value in determining the implications for ecosystems of exposure to pollution, biologic markers should be chosen so that they reflect changes in the fitness of an organism or, in more simple terms, changes that affect its overall reproductive capability (premature death, ability to mate, fecundity, viability of offspring, etc.), as these can have the greatest influence on effects at the higher levels of biological organization.
Fitness of a living organism after toxic chemical exposure can be influenced quite significantly by the types of genetic susceptibility present in ecosystems; it is therefore logical to consider the study of these phenomena as an important ecotoxicological endeavor.
Specific biomarker methodologies used in ecotoxicological studies are shown in Table 2 . This diagram replaces the hierarchy of possible pollutant effects shown in Figure 2 . The role of biomarkers in the assessment of ecosystem integrity (29) . The graph shows a plot representing the effects of an increasing pollutant load on the structure and function of an ecosystem (vertical axis) and the biomarker response elicited (horizontal axis). (32) , as well as a number of important enzymes involved in DNA repair. Also included under this heading are the various detoxification enzymes such as the mixed-function oxidases (MFO) and the cytochrome P450 family (27) .
Research carried out mainly in populations of humans and other vertebrates has revealed that mutations in the genes coding for these proteins, whether they cause protein polymorphisms or a lack of functional protein, can have major consequences in those individuals exposed to a whole range of toxic compounds. In the case of mutations in the genes coding for p53 and different detoxification proteins, a possible consequence is the development of life-threatening pathophysiological conditions (31 (12) , and the more contemporary molecular biological methods. Genetic fingerprinting methods such as analyses involving locusspecific DNA or RNA probes have also found favor with environmental biologists (33); other genomic profiling methods such as restriction fragment length polymorphism (RFLP) and, more recently, randomly amplified polymorphism detection (RAPD) analyses (34) may also be employed.
Mitochondrial DNA is particularly useful in population genetics studies as it is haploid and clonally inherited through maternal lineages (35 (36) .
Microsatellite analysis has already been employed in many studies of conservation genetics and shows considerable potential for measuring levels of genetic variation within populations Triggs et al. (37) . describe the DNA fingerprinting analysis of the genetic similarity between populations of the blue duck (Hymenolaimus malacorhynchos) using two minisatellite probes. 
